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Direct dark matter detection principle

Collisions of invisibles particles with v/c~0.75 x 1072
atomic nuclei => E.is (q ~ tens of MeV):

very low energy thresholds X X

ultra-low backgrounds, good background

understanding (no “beam off” data

collection mode), and particle ID E ,
V1S

large detector masses
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Detectability of certain dark-matter candidates
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Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
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We consider the possibility that the neutral-current neutrino detector recently proposed by q
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac- E P < 3 O ke ‘ /
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in- R
teractions and masses 1—10% GeV; particles with spin-dependent interactions of typical weak mN

strength and masses 1—10? GeV; or strongly interacting particles of masses 1—10'* GeV.



What to expect in a terrestrial detector?
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Astrophysics

Local density (at Ro ~ 8 kpc)

local measures use the vertical kinematics of
stars near the Sun as ‘tracers’ (smaller error
bars, but stronger assumptions about the halo
shape)

global measures extrapolate the density from
the rotation curve (larger errors, but fewer
assumptions)

also: modelling the phase space distribution
over larger volumes around the solar
neighbourhood

Velocity distribution of WIMPs in the galaxy
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=> WIMP flux on Earth: ~10°> cm==s-!1 (Mw=100 GeV, for 0.3 GeV cm)



Particle physics

- Use effective operators to describe WIMP-quark interactions

- Example: vector mediator E;ff — EXVMXCYVMQ

X X

1

« The effective operator arises from integrating out the mediator N N
with mass M and couplings gq and gx to the quark and the EFT approach
WIMP: (always valid for
direct detection)
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Scattering cross section on nuclel

* In general, interactions leading to WIMP-nucleus scattering are parameterized as:

e scalar interactions (coupling to WIMP mass, from scalar, vector, tensor part of L)

2
ot~ Lz Zf,+ (A=) a2
X

=> nuclei with large A favourable (but nuclear form factor corrections)

e spin-spin interactions (coupling to the nuclear spin Jn, from axial-vector part of L)

dp, an. effective couplings to p
2 JN _I_ 1 S S 2 and n; <Sp> and <Sp>
J (a/p < p> _I_ a/n < n > ) expectation values of the p and n
N

spins within the nucleus

0OSD ~

=> nuclei with non-zero angular momentum (corrections due to spin structure functions)
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Form factor corrections

- WIMPs scatter off nuclei, not nucleon or quarks
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—Xpected interaction rates
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Direct dark matter detection zoo




Dark matter signatures

¢ Rate and shape of recoil spectrum depend on target material

e Motion of the Earth causes:
- annual event rate modulation: June - December asymmetry ~ 2-10%

- sidereal directional modulation: asymmetry ~20-100% in forward-backward event rate

Drukier, Freese, Spergel, PRD 33,1986 D. Spergel, PRD 36, 1988

yA
-_— * t=12 h
WIMP wind e L1, X

Cygnus ————»

—_—
v=220 km/s s y
_ z
galactic plane oM

December

10



—Xpected backgrounds

- Cosmic rays & cosmic activation of detector materials
- Natural (=°°U, 22Th, 4°K) & anthropogenic (°°Kr, '*’Cs) radioactivity: 7Y, 6_, n,

- Ultimately: neutrino-nucleus scattering (solar, atmospheric and supernovae neutrinos)
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How to deal with backgrounds?

« Go deep underground « Use active shields

- Select low-background materials

T‘>\ .
i 10° 15x R11410-21
E — Background
2 “u C "Ag “k
é 107
60C0
IIOmAg
10-8 } 208Tl
10”° 1 . ”l ”lkl’ M ‘ h |M H JFII “ I| 1000 O AT I A ‘I I | \ Il \‘
500 1000 1500 2000 2500

Energy [keV]



z [cm]

How to deal with backgrounds?

Fiducialization * Discrimination

Radius [cm]
2 4 6 8 10 12

T
Y
R

I
|
1
|
l
g
I
[

10 =

Csikgxenry ) 8

: n{cS 2/cS1)
'l'—w':‘
' 5‘3—
Tt

=

R
“ _:é'
%,
Ky

Alog

-15

20 —

25

- . - e
—_— e — —

-IIIII II'Illlll‘IF

l'llIl'llllllllllll'llllllllll

Lol
=

R

1
i
L

-30

L)

w
-
0
LU

0 50 100 150
Radius? [cm?]

 Avoid exposure to cosmic rays
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Parameter space for searches
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Parameter space for searches
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Parameter space for searches
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The WIMP landscape
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SUSY

Predictions: 2 examples
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DAMA/LIBRA annual modulation signal

* Period = 1 year, phase = June 2 + 7 days; 9.3-sigma

- Several experiments to directly probe the modulation signal with similar detectors (Nal, Csl):
SABRE, ANAIS, DM-Ice, KIMS

e Challenge to achieve the same crystal radio-purity as DAMA/LIBRA
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Cryogenic detectors at

~ MK

Detect a temperature increase after a particle interacts in an absorber
Absorber masses from ~100 g to 1.4 kg; TES read out small T changes

Absorber
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SuperCDMS: Ge, Si  EDELWEISS-IIl (Ge) CRESST (CaWOy)




Bolometers: recent results
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arXiv: 1504.00820
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SuperCDMS/EU

q

—CA at SNOLAB

- Cooperation between SuperCDM and
EURECA (CRESST+EDELWEISS) at

SNOLAB

« SuperCDMS cryostat payload

¢ initially 50 kg, up to 400 kg

= multi-target approach (Si, Ge, CaWO3) to

low-mass WIMP region

Vatwum bulithead for signals
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DAMIC at SNOLAB

» CCD-based experiment, 50 eVee energy threshold (or 0.5 keVn)

- DAMIC100 (g!) is currently under installation at SNOLAB

 Also look for DM-electron scatters (test LDM models)
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Single-phase noble liquid detectors

LXe: XMASS LAr: DEAP-3600
at Kamioka, 832 kg

Instrumented LAr or LXe volume
Scintillation light in VUV region

PMT array

..........
- S
-

S

“‘ [
.

Running since 2013 In commissioning
Plans for 5 t detector  First results in late 2015

1 x 1076 cm? sensitivity

.........

File Move Display Data Windows

position
A resolution: ~cm

ST Jocelyn Monroe,

PSD EPS-HEP2015

e A

> time DEAP data, event display




Dual-phase noble liquid detectors

S

PMT array

S2

, time

LXe: XENON100 LXe: LUX LAr: DarkSide

AT

TR

LXe
XENON100 at LNGS, LUX at SURF, PandaX at CJPL

LAr
DarkSide-50 at LNGS, ArDM at Canfranc

Target masses between ~ 50 kg - 1 ton .



Liguefied noble gases: recent results

DarkSide-50: factor 1.4 x 103 depletion of 3%Ar DarkSide-50, arXiv:1510.00702

—_ -1 — -41
0 10 ________ AAr Data at 200 V/cm ~ 10
% (LSV Anti-coinc.) g
1072 UAr Data at 200 V/cm — |
.g‘ (LSV Anti-coinc.)
© 10%2 &
X — %Ry (Global Fit) =3
_3 — -
m 10 =
a ———— 3¥ar (Global Fit) -
o —43 | ¢ ‘., . “, et b Lot
l': 1 0_4 1 o g‘:“ "‘ll":,' """' ' "l:‘l‘l‘-ln‘m\l‘l“"""""“""“- Qv}é& 'CZ‘-
Y ""‘-.;...---""--
~ — s PN
w 107°E B
"é E 104
o I~ -\
; 10_6 E- 39Ar -
- 10745 203
107 = =
10—8 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 46 B I I
0 1000 2000 3000 4000 5000 6000 10 —_— S— e —
S1 [PE] 10 10? 10° 10*
M, [GeV/c?]
PandaX 80.1 live-days, arXiv 1505.00771 LUX live-d PRL 2014
85.3 live-days, 0
E Edelweiss Il
- T
10'4Ol§— ||
R - 1 ZEPLIN 1l
°E - . 1
S 1041 « 1
2OF 5 '
S = Pl
B - 5 10 + 3
31042 = S ! .’
%) E o] 1
2 = @ \
5 - = PandaX-12015 ! 1
£ 10" = —— XENON100, 2012 g '
2 E —— LUX 2013 c
> — (o]
c ., < —45
g 10" E DarkSide50 S10 | . 1
§ E aeeee CRESST-Il new T ' R
45| —— CDEX 2014 ' &
10% % * o8
= \ ,'_‘_‘b
_ : \ ,’\,\)
106 ——— DAMA 3 sigma hN -7
E 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 —46 -~ -
3 4 5 6 78910 20 30 40 50 6070 107 10 : : *
WIMP mass (GeV/c) 10" 102 10° 26
2
M wivp (GeV/c?)



- Dark matter particles interacting with e-
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New XENON10O results

-« XENON100’s ER background lower than DAMA modulation amplitude

= search for a signal above background in the ER spectrum

XENON collaboration, arXiv: 1507.07747, Science 349, 2015
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XENON100 excludes leptophilic models

- Dark matter particles interacting with e-
1. No evidence for a signal

2. Exclude various leptophilic models as explanation for DAMA/LIBRA

XENON collaboration, arXiv: 1507.07747, Science 349, 2015
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New XENON10O results

» Dark matter particles interacting with e-
1.search for periodic variations of the ER rate in the 2-6 keV region

2.no periodic signal with DAMA/LIBRA phase & amplitude found
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Future noble liquid detectors

e Under construction: XENON1T/nT (3.3 t/ 7t LXe) at LNGS
* Proposed LXe: LUX-ZEPLIN 7t (approved), XMASS 5t LXe

« Proposed LAr: DarkSide 20 t LAr, DEAP 50 t LAr

 Design & R&D studies: DARWIN 30-50 t LXe; ARGO 150 t LAr

XENONTT: 3.3tLXe  DarkSide: 20t LAr  XMASS: 5t LXe : DARWIN: 50 t LXe

30



The XENONTT experiment

- Under construction at LNGS since autumn 2013; commissioning planned for late 2015

- Total (active) LXe mass: 3.3t (2 1), 1 m electron drift, 248 3-inch PMTs in two arrays

+ Background goal: 100 x lower than XENON100 ~ 5x1072 events/(t d keV)
f




XENONA1T: status of construction work

« Water Cherenkov shield built and instrumented
« Cryostat support, service building, electrical plant completed

- Several subsystems (cryostat, cryogenics, storage, purification, cables & fibres, pipes ) installed/
being tested underground

!

i {1

/_
I _:' '
ol
‘,_ J'__f




detector

inner

NONTT |

The X

now arrays under final assembly

- PMTs tested at cryogenic temperatures;
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The XENONTT inner detector

- PMTs tested at cryogenic temperatures; now arrays under final assembly

- TPC assembly and cold tests completed; installation at LNGS in October/November 2015

see xenon1lt.org


http://xenon1t.org

Bubble chambers

 Detect single bubbles induced by high dE/dx NRs in superheated liquid target:

 acoustic and visual readout; measure integral rate above threshold

- large rejection factor (~10'9) for MIPs; scalable to large masses; high spatial granularity

* New results: PICO-2L (PICASSO + COUP), 2.9 kg CsFs target, best SD WIMP-proton limit

« PICO-60L to run in 2015; proposed: PICO-250L CsFs target at SNOLAB

PICO-2L n-calibration

SD WIMP-proton cross section [cm2]

2L (CsFs) vl =

A

A% \\
‘. cMSSM

PICO-250L %

WIMP mass [GeV/cZ]

10'
WIMP mass (GeV)

10'35



Directional detectors

« R&D on low-pressure gas detectors to measure the recoil direction
(~30° resolution), correlated to the Galactic motion towards Cygnus

- Challenge: good angular resolution + head/tail at 30-50 keVnr

- One common technology to be proposed in 2016

CYGNUS: coordination of directional R&D

DRIFT, Bouloy Mine ~~ 2MTPC, MIT MIMAC 100x100 mm?
3 L ... Optical and charge readout
1 m°, negative ion drift CF. gas 51 chamber at Modane

CSo +CFsgas CF40as

commissioning 1 m3 module

CCD

NEWAGE, Kamioka
CF4 gas at 0.1 atm
50 keV threshold 36



. DARWIN - towards WIMP spectroscopy

« Design study for 30-50 tons LXe detector
- Background goal: dominated by neutrinos
« Physics goal:

« WIMP spectroscopy

- many other channels (pp neutrinos, bb-decay,
axions/ALPs, bosonic SuperWIMPs...)

10 100 1000
darwin-observatory.org  arXiv:1506.08309 mX[GeV/CZ]
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http://darwin-observatory.org

Sensitivity for spin-independent cross sections

- E =[3-70] pe ~ [4-50] keVnr

DARWIN: 99.98% discrimination, 30% NR acceptance, LY = 8 pe/keV at 122 keV

10%°

AL B ' _—TT arXiv:1506.08309
00 AMARe 1 (detailed WIMP study)

‘% . i % E JCAP10(2015)016
= =
R 1042 CRESST-II =
8 — Pand'dx E
B 10 B DarkSide-50 /////_;
2 = - o =
~  E . 4 orders of
o 10% =~ ) .
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z e - to go!
% 1047 &

8B CNNS - =

: = 10 =
neutrinos 3
within reach 107 =
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WIMP Mass [GeV/c?]

Note: “nu floor” = 3-sigma detection line at 500 CNNS events above 4 keV
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Complementarity with the LHC

* Minimal simplified DM model with only 4 variables: mpm, Mmed, gom, 9Q

- Here DM = Dirac fermion interacting with a vector or axial-vector mediator; equal-
strength coupling to all active quark flavours

2 2,2
ng\/nglu
e Ve
o med :
Spin independent Spin dependent
10—32_......., — Ty — T T § 10—32 N N . '| :
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S. Malik et al., arXiv:1409.4075



Complementarity with (neutrino) indirect searches

- High-energy neutrinos from WIMP capture and annihilation in the Sun (point-source)

* Sun is made of protons => strong constraints on SD WIMP-p interactions

lceCube: WIMP-p; spin-dependent

10734
1 0'35
10—36

10'37

USD/Cm2

10-38
1 0'39

10740

10'41 L1111

lceCube: WIMP-p; spin-independent
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Complementarity

D, LHG

CMSSM

BayesFITS (2014)

6—m

CMSSM, 1 >0 e
Posterior pdf
Log Priors

LHC 14TeV

° Xenon 1T

o B, —utu

e CTA (Einasto profile) |3

inner contour: lo
outer contour: 2o

.16A

12
my, (TeV)

L. Rozkowski, Stockholm 2015
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WIMP-nucleon cross sections versus time

- About a factor of 10 increase every ~ 2 years

- Can we keep this rate of progress?
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Conclusions

Direct detection experiments have reached tremendous sensitivities
probe cross sections down to 10-* cm? at WIMP masses ~ 50 GeV
probe particle masses below 10 GeV (hew models)
complementary with the LHC and with indirect searches

test various other particle candidates

Excellent prospects for discovery
iIncrease in WIMP sensitivity by 2 orders of magnitude in the next few years

reach neutrino background (measure neutrino-nucleus coherent scattering!) this/
next decade

great expectations - a new chapter? .



The end

Of course, “the probability of success is difficult to estimate,
but if we never search, the chance of success is zero”

G. Cocconi & P. Morrison, Nature, 1959
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Wil directional information help??

* Yes, but mostly at low WIMP masses

 Directional detection technigques currently in R&D phase

« Would be very challenging to reach 10-48 - 10-*° cm? with these techniques

10-44 :

36.6 t yr exposure, 500 (solar) nu events

Nno direction

with direction

neutrino bounds

102
mpy [GeV]

103

o, [cm? |
|
o
3

367 t yr exposure, 500 nu events

Xe

no direction g  _g ey

neutrino bounds

10t 102 103
mpy | GeV]

P. Grothaus, M. Fairbairn, J. Monroe, arXiv: 1406.5047
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events / kg / day / pe

—NON1T backgrounds and WIM

2 sensitivity

Single scatters in 1 ton fiducial
99.75% S2/S1 discrimination

NR acceptance 40%

Light yield = 7.7 PE/keV at O field
Lett = O below 1 keVnr

Total (ER + NR) Background in 1 ton
ER background

neutron NR background

Solar nu NR background

Total (ER + NR) Background in 1 ton
WIMP, m = 10 GeV/c’, 6 =2 10* cm?
WIMP, m = 100 GeV/c?, 6 =2 10" cn??

WIMP, m = 1000 GeV/c?, o =2 10 cm?
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S1(pe)

ER + NR backgrounds and WIMP spectra
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Probing a modulation signal in XENON100

- Unbinned PL analysis of ER data assuming

periodic signal hypothesis (L1)

() = €(t) (C + Kt + Acos (277 (t

(L

- Compare to null hypothesis (Lo), A=0, for
several samples

;qﬁ)))
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Probing a modulation signal in X

- Unbinned PL analysis of ER data assuming
periodic signal hypothesis (L1)

F(t) = €(t) (C + Kt + Acos (27r (t ;¢))>

:j:

( ) Poiss (n|Nexp(F)) LLk LE
1=1

Compare to maximum likelihood (Lmax),

fixing period to 1 year

Rate [Counts/Day]
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Standard dark matter halo phase
Is disfavoured by 2.5-sigma

Assuming V-A coupling of WIMPs
to e, DAMA/LIBRA annual
modulation is excluded at 4.8-
sigma
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XENONT100 detector stability

 Detailed stability and correlation analysis of all detector and background parameters

* No significant correlation with event rate observed

arXiv:1507.07748 (Accepted into PRL)
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Events/PE
2
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—xample: Solar axions with XENON100

Look for solar axions via their couplings to
electrons, gae, through the axio-electric effect

2 2 2/3
JAe 3EA
Tae = Ope(Ea) Ba 16maemm2 \ g

QﬁAO(gieﬁRO(gie

- XEON100: based on 224.6 live days x 34 kg
exposure; using the electronic-recoil spectrum,

and measured light yield for low-energy ERs (LB
et al., PRD 87, 2013; arXiv:1303.6891)

XENON, Phys. Rev. D 90, 062009 (2014)
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XENON100

—xample: Galactic axion-like particles with

Expected Mean Recoil Energy [keV]
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XENON, Phys. Rev. D 90, 062009 (2014)
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Look for ALPs via their couplings to electrons,
Jae, through the axio-electric effect

Expect line feature at ALP mass

Assume Po0 — 0.3 GeV/CmB

P4 = cBa X ro.
m A

R x g5,

- XEON100: based on 224.6 live days x 34 kg

exposure; using the electronic-recoil spectrum,
and measured light yield for low-energy ERs (LB
et al., PRD 87, 2013; arXiv:1303.6891)

XENON, Phys. Rev. D 90, 062009 (2014)

51


http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1404.1455

